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SL_1.MARY

The room ternpera:u_ _¢nsll¢ sl_ength of uncoamd _ t_ types of E, rol?uc boron nitride =oat_ (PBN aM St-

rich PBN_) Ht-Nic_km SK; fihtts was determined after I to 400 hr beat uzaunents to 1800 °C under N: pmssur_ of 0. I. X
aad 4 MPa. and under 0.1 ,td_Paar_on and vazuum ewAroranents. In addit,'on,strengthstabilityof both the uncoatedaz_d

coated fibers embedd,a:l in silicon po_der and exposed to 0. i MPa l_ for 24 his at teanpetmures to 1400 :C was

iaveslag-_'.ted.The uncoated and both .types of PBN coated fibers exposed to N. for I M"sho_cd notice.able .*,oxn_

degradaaoe above 1400: and 1600 _C, respectively. The suzngth degradation appeared independent of mtrogen ptessme.
tane of heat tremment, aad _f_ce coating. TEM microsm_ua'ai analysis suggest, that flaws crtmed dig to SiC _'am

_cm_h are _lxmsible for the strength degradauon. In con'_act with silicon lx_wder, the uncoated and both _3__- of PIBN

coated _ de_-,-ade rapidly above 1350 _C.

INTRODUCTION

Continuous SiC f_ets derived from Ix_lyx_'r r-,recu.,s.c_ are _ing u._d as reinforcements of _ramic mamx

composiles (CMC) for i_dghIcmlx_arare .s*zuca._ applications. _ fibers have a higher strmn-to-failua'cthaa the cerami=

matrix, and this tosethet with an appropriately engineettd inteffa_, such as pyzol_c carbon (PC) or p_olytic boron nilride

(PBN) have lead to improved mechamcal pcrfonnmce ofCMC (re.fs. 1 and 2 }. The first generation of polymer derived S_.C
fibers, such as Nlcalon and T x_no fibers, general b contained [_l-StC]nictocrystals connected by StOiC, grain boundaries

and free ez'hon (ref 3_. k h_ been shox;_t that thc strength of these fibers deErades after a short time exposure f<:51"2"_above
1200 _:; in inert envois (tef_ 4 to 6). The de l_adation is determined to be a._ociaw.d with the void formation due to

d_:omposi_on of the SiO,C:. and exaggerated grovxahof _- SiC micxocrystals in the fibers (refs. 4 to 61. Beca',_,.,.,_of the_e

problems, C_lC fabricated using these fibers are also limited to -! I00"C for long term u_. To overcome this problem, a

second generaaon of pok.'m_ den.v,d SiC fibers, such as l-h-Ntzaloe and FE-Micalon-S fibers, have been developed. These

fiber_ have a higher elastic tnodulu:, and creep i_sialance than Ntcalon SiC fibers and contain nea_-sto,.chiometric 0-SIC
mica'oc_als, amorous carbon, and a small amount of silicon oxycarbkle (<1 wt %) (refs. 7 to g). Preli_nary sludges b_

T_keda et al. {ref$. 9 ta 10) indicam tha_Hi-Nicalon SiC fibers retain their as-fabncamd strength after 1 l'x e_x_t,'te at

temper'ames to 1400 °C in argtm. The loss in tensile strength -,_aove this temperature _as atmbw.¢d to _am gro,_h and void

formation tim tc de_omposmon of the SiO_C_ phase. In a recent study, Shimo et al. |tef. l I_have shown that the

te.mpetatme of on_t of decomtposiuon reactior, m these fibers can be delayed to a temperature >1500 "(2 bs."heal treating

them in nilrogen. These studies indicate that Hi-Nicadon SiC fibers, ere more stable than Nicalcn fibers during high
tempetmuw fabrication of sdicon-based C_C. such as SiC and Si:_N,.and may _so imr"v,ore _ l_ng L.,-rm...rchabJ!._ o"

c_r._ composites.
The objectives of this study are to detennm¢ the upper tempetattax capabili_ of uncoated Hi-Nicalon SiC fibers.

and to evahate the strength stab_ty of the uncoated and PBN coated Hi-Nlc',don SiC fibers under cotxtitior, s typically us_

for'abe fabrication of mactitm-bond_ Si:N_ (RBSN) cz_posites. The PBN and St-rich PBN coatings were ch,._,en because

of their cl,.enucal compatibilit, and stabili_" wath SiC fibers and the RBSN matrix



E:_Y.R_!EN-IAL

The _r,,:oate:l Hi-Nicalcn SiC fiber_ :or ',hL_study wer,c r:t_zLrrd t:rom De,v, Ccmiai. Midhnd Mich:ga: T._

chcrrac:',Jcompositier, of the fiber as reported _ the vcneor is S_ ,62 a _-,. _, C _37.1 _ t g++.and O: _0.5 wt g ;. A._-
-ezei,_ed Hi+.Niza_on flbe_ v, ere c(_'ted v,i'..ha 0.5 tan _i.:k PBN or Si-ncP, PBN laver. The c.oax:ng: ",_ere aTplied IL_

chermcal ',atx,_ d_osiuon b) Advanced Ceramic Corpcrau_n. C:e_lan:i. O_ao. For breviD the uncoated. PBN. ar.d .q-.n:_-:
PBN coaled Hi-Nicalon SiC fibers will be her.ceford', r',fc_ed to 0._'.he ur.cr:ated. PBN. and S.-rich coa:ed fib_s.

respect: rely.

For h:at treaa-nent. - 125 mm long fibers _ e.-e rla:e:l it. _pa.-ale Gtafc_'. enve:op, ._r.:lhe.;e _eated e:ther m :lo,a m;

high pun,'2,' mn-c,gen/or I to4f_ hr. ot ,_nh_gh pressure nitr.-,_en _.;2.5 and 4.0 MP._ :.:r ! I-a"in C'_¢tcm_ra:,ne r_ge

b_tv.ccn 1_O'- and i 800 'C. Hca_ ueatmcnt_ ,*'ere ¢_._ducted m a furnace equipped v,i,.h :arbc, n element_ and iinmg. So.me

fi_r specimens v_ene_,_ placed in a loosely packed bed of silicon powder m a alu,mn_ Ix_aLand _at _eated at 11_0. 1250.

1350 and 1409 -'C for 24 Fa_ in hi,,_ print2: m_zogen.

Room-temlx_ature _sile _eng_, of fibe_ were me_ured m a ur.i_,et:-al tensdc te_ng macl,.m_: at a cross-bead

_x_ed of 1.3 mm,'mm using standard fiber mounting procedaae (ref. _'. Between 10 to 20 F.ber_ we:'e tested for each

expc_m¢ co.title.

_anniag _m:,n m_.-roscopy (SF.M0 and tnansmissic.r: e'ec_on micr;;sZOl':y_TE..M_were _ed _:..r n-,_c_c__-a_._aI
cbaraoen_. For TEM anab_i.¢, fibers -3 rmm m I_ were sccuom_ horn the as-received and heat uea_ed fiber _ows.

Individual 3 man fibers were Ihen ._epm'ated ftom _ tows and glued onto a coplx'r _ using afas: drying epoxy..-L_er the

e'poxy h_k_L the _ole sample _as ion-beam thinned to <300 nm. Micros_uctttte ol the longitudinal sec:;on_ of the

fibers _,as e.-xamined and "_malyzed using a Pi'_ 4@_r micro_ope operating at 120 kV.

RESt"LTS ._\D DISCUS S!ON

Exposuzr El_+cctson Tensilc S_ren__.

The room t_m_tam:c a:r,sih: -_rcngth of the uncoated fibers _ l'eax neannen: in 0. l MPa nin'og_ for i. iC).i (_').
+00 lu's m tl,k, temperarare rage between 25 and 1800 +C is shown in figure 1. Each data po.m, re:,',re_mt¢_e aver-age

tensile sU'eng'_ of 10 [o 20 inchvidual tern.. The tour bar represents two sla_d_d deviatmm. Ten,+!e _,.trengths ,0,ere c_cu'-

ated based on an average fiber diam,e_ of !-: urn, oxen thou_ _;vulual fiber diammers it:,a :ow +ancd t+:_m9 to 16 urn.

Aoco_di,g :o figure 1. _c fibers h_az trowed up to 1400 :C sho'+ :d a small !c_._ in sn'er_h (<'.:0 percent) :.ompmed :o tr,e as-

fabri+_t_l fiberg. It, thi_ mnpereture reDme. I'_'_ the t_.,_aper..,-tureand tm_ c,f exix'_ure h.d a nunor influence on the te.',_,+l_

s_en=_. Above l-_ _C. the s_ren_h C_r_.se_l si_ific_tl) with in_e_in_ tirr,e cf expos ".u.reat arv _xen temperature.
Eff_-ts of rtm'.:_,en over-pres:ure on the room _empera.,ure ,.e-engtn" of _ uncoated fibers heat _reated at

teml_emmres to lgCO _C for I hr are ._own in fi_.xre 2. This fig_c inda:ak.s lhaI mttogeP, pre.,sare Y.,,d no s/enificam

influe,_c on the sl_en__ of heat tr "eak:d fibers _ to 1400 :C. Above 1his :¢mperature. the fiber._ heat o'eateduMer ra_'oger+

pressures of 2.5 and 4.0 _ sh3_ed lower srten_h than tho_ heat trea_ed m 0.1 MPa ni_r_en pressure, b._: no defiratg
co._ela_ionbet_een nitrogen _essme and strenglh de_admic,n _a+ _--ser_ ed.

To dct_'nme envaxmmenlal effects on tl',eit _enK_. the ancoat_ fibers _¢re also heat treated for I _ in O: MPa

a+gonand vacuum born _--5m 1800 :C and the resultsare shen+n in fi=mm_e3 Includcd in _ fig,.me for oompar,..sonpta'p-se_
a_ethe eb_afor the u_coated fibers heat treated in the same temperature raage in 0.1 MPa nm'ogen. All lhree piotsshowed

m:nilar trends, mdi_ting that the argon, v_uum, and muogen cnviron,,nents produ,:ed about the same strength loss

I_havior. This sugges-,; that the suent, fl'; degradation of Ihe ur,c_ated fibers, i_ pmnanly a f'.'.nctJonof temp¢_a,,xa'eof

tr _e,_ent and time of expoq_re, and heztt_emment en,+_'c,nmentsplay a _condary r_,'!e.

Thermal e.,tposure effects or+the room tempera:me tensile mength of the PBN anc S.-fich PBN coated fi_ers a_:r

heat Ceatment in O.I, 2.5. and 4.0 MPa nitrogen for I hr from l.,_O, to 1_ ;C are showr in fi_,-'ur¢-L "].'71-._ l_mp_ratt_

strengths of uncoau_ fiber_ heat I_u_d m O.l MPa niuogea in ',.he same temperature r_nge ate also _hc._n i._:he fi=muuefo_

comparison. It is quite obviotts from the figmre that the room tom,ratine stren_h+ ot',.h+" a.+f_bncat_ g'_d h:at _cated PBN
and Si-nch PBN co_cd fibers _ae it, general Io_cr c_ +,[hat of r_ uncoated fil_rs. In a_ditior., h_Lh _e uncc,_;_ _,d PBN

coated fibers retained t.heir as-fabricated strength after I hr hea_ neaw'...ent up tt- ;O._.) :C: bu.: _x.vc _.i.- tem_:atu_, they

showed m'er,_ loss. O'_,er noti.:eab;c l_tu.,-e s o; this plot arc" that ntt:ogen ,,v_r+ l'S'e_..<_rehad no si_ificar,.', efl'ect, n ",he
',_'cng_ degradation of _e coated t_be.':x(a behavior gimi'+L-t,+,_2r .:,fr.h:- unco_ed fibeJ _ undcr =l_rnla., beat trcah'g_en'.



conditionsl,and',.hatthediffe.'ence bet,_ een the average s_en_ of the uncoated and PBN coated fibels at any exposure

temlx, rature _d time remained nearly the same. This suggests tha" The surface coaung of the fiber does not conmbute to the

st_en_,h except by in_easing the cross se_nional area and possibly, due to poor quality of the :oa,..ing, or coating proce._.s

damaging the fiber sunate. It should be rnenuoned that Re Synch PBN coated fibers sho_,_ a slight m,:rease tn rccm
temperana_ s_nt,_ v,ith in_easmg temperature of he_ treatraen_ up to 1600 "C. bat a_ve l_.i_ tcra_,_ra_e fl',e_ fi_

also 4e_aded similar to the uncoated fibers.
Figure 5 shows the room temperature tensi)e gtreng'& of tl',e uncoated. PBN coaled. _d Si-nah PBN coated fibers

a,'icr being embedded in silicon _wder and hea_ treated in 0 1 MPa ni_ogen aT 1150. 1_0, 1350. and 1_00 :C for 2-_ hrs.

All three t2,'pcof fibers showed no stren L_h io_s up to l_"q)O_C.At 1400°C, the strength of the uncoated fibers drolTed tc

abom half the eri_nal value. Due tc ex':'cme bri_len_¢, and fragili_.', the PBN coated and S:-nch PBN coa_ed fibers _,eat

treated at 1,_(1 +C could not be tested

Exposure Effects on Fiber Surfa,._e and Mtcrostructure

SEM analysis of the fiber .,a_'face indicated no perceptible change m the surface morpholo_ of the uncoated fibers

heat treated up to 1600 °C in ni_ogen for 1 hr. Samples heat treated at 1800 °C showed nodules ,,_'o_ang on _ surfaze of

the filx-r (not shown) The PBN madSi-nch PBN coatingson the fibe_ remained intact _fler ni0rogen_ :ream)era up to
1600 =C. but delammated above this temlx, r'amze. In contact wtth silicon powder, the uncoated. PBN coated and Si-nch PBN

coau_l fibers heat _ in N: at 1150. ] 250, and 1350 _C for 24 _ showed no indic_on cf a chemical react/on. At

l_gber temperanme, however, all three D'p¢ of fibers reacted with silicon powder, the uncoated fiber reacted the most.
Ia order to evaluate time and temperature effectr on the microscucttue, the longitudinal sections of the fibers were

observed tmde_ a T_I. The nucroslm=ture of the at-received uncoated fibers sho_ed very free _average dm-ne._ 1 l_-_nm i

_d _ oriem_l SiC _, _¢h could be seen clearly in d_ dark field image, _ shown in figure 6(a_,, I_hrough._ut

cross r.z:zion. M'mr _ exposme, coe_enmg of SiC _rams sur_ed _' amor_ous regions was obser,,ed m the
micros_. AI temperatures to 1400-', SiC grain growth was do_, _ath exposure time. For e, "_Oe. even Mter 400 h=

e_posure at 1400 "C. the average si_ efthe SiC m-_ns was - t_ige that of the as-received uncoated fibers. At temperarares
>1500 -'C. SiC gram gro_ was accelerated. Afar i hr heat _e,atmem at 1800 °C. average grain diameter of SiC graim _t_
-3 to,;times(--40__15nm) _ ofme un_r_ as-receivedfibers:butafter!00 _ exposureatthesame temperatme,fl_

grainsgrew _o_n average diameter of-80._30 rim (fig. 6_b)). Ap_ from O_ecry staliine SiC phx_. the fiber, ais_ cont_.'_ed
significantamount ofan _ phase,which_as rk=hm carbonand borderedtheSiC grmns.Thisphasealso

w_th t,eat t_ea_nent time ar.dtemperature.

DISCUSSION

In general, polymer dem'ed SiC fibers conmn SiC microc_'.qals, excess carbon, and si.hcon oxycarbide The

amounts of exces_ phases present in the fiber v_r3' dq:_t_tng o_ _ _'rolysis conditions and curing methods u_ed

Thermally reduced de_on mechanisms of pC.yme_ derived SiC fibers are generall_ related to tx,.,oaccepted

mechanisms: decomposition of silicon oxycarbtde leading to increased porosi_" and fla_ grov, m. and gnun growth of the

microorysuflline SiC thatexists in fl_ a_-procha_d fiber (refs. 4. to 6). it has been ._o_m pm¢ious_, that the thcrmaJ
de_rr,,da_on occurring in timeearlier re'aries of polyrt_r derived SiC fibers was due to decompositmn of silicon oxycarbide

and could be delayed by heat treanng them in high pressure argon free 12 ). but the coarsening of the SiC grains could not be
avoided.

Tae Hi-Nicalon fibers used in the ctment study contain microcrystalline SiC. excess carbon, and a sinai! amount _f

silicon oxycarbide (ref 71,.Ttm, modynamically, the silicon oxycarbide phase should -decompose, and SiC grain_ should

grow above _ temperature de_ndiag on the c_'mue conditions. If tim _omposition reaction is one of the dominant
reactions responsible for thermal degradation of the fibers, then beat _reatmg the fibers under high ixtssure nitrogen should

delay the _ction. The high presaue nitrogen results showed no change in C_ onset of degr, glat_on temperature, and TEM

resultsshowed noe_idenceof intca'nal pocosin" m the heat treated fibers. Both the,- resu3t_ _ggest that decompos_ticn

reaction may no: be a dominant reaction re,,ponsibte for the strcngth degradation. On the ol_er hand. TEM remits reveal

me-tease m grain dmmetet _ith increasing heat trea_ing temperaaxre and time. Correspondingly. the stren_h of the fibers
generally decreased with increas/ng ,b'ain diameter indica:ing that flaws associated _lth gram gro_ is the main factor

responsible lot sm:nglh degradation. The observed _orain_og_h ap_ ,n be. -_,_in_..mic r_h,-nc,a'r_n_;_ndi_.n_! infi0enced



by .'..hesurf_._.e coatings, or by th_ he,it treating environment used in thi._ s.rudy The co_"ser.i_, of $.C gr_'_s v. i_'_hea"

_atrnent tem_rature and um_ i_ ce,"uunly relat_ to bv.enn_ of t.h_ _n bounJa,") suriace ener_,, but the role of excess

:_7b_n and silicon oxvc_-b, ide in a:cete.-'anng thi_ _e_th i._n_t clear, q"he fact _a: _a:n gw.'.vf'-. :s obse.'-,ed a; tcnl_ra.'nre

z_ :,_v. x*_1400 :C suggesLs that it me? bc prcmutcd by t.mp_lu,'s p:¢:ent :r. :J,¢ _--recev.e l :iT_rs. ",;h:ch cerlzani3 r:qu_.re_
'fi.:.,'t-.c:s,"ud}

Re;uks of thb- s:t;dv zls;_ ind:cate Oat in contac" _1£'_ _il:,..:+.n._o:v:'ler. the uncoateJ. PBN .:_:red. ar.d si-nzh PBX

¢,:,atc,.Jfibers _xerc s:ablc o_ly te] 350 :C. bl¢_ ever. a.'_.','e rd'_:_tcmFera.':u:e, SEM sradies si-,o_.cJ that severe chevmcM

macrior cacurrM _'_ween _i_icon powder and the fi_rs, t'_o_;_iblydue :o th_ fc,rm::tien of S:C ,_r,_;:t +urt_e ,'q the fii-,er_

Ln_*,bii:t_cf the cu_-cn'g_st_,prc:cnt such rcaz'_,ns prc,b._b_ rcb.:,d to p_ostt 3 or tmpcrlcctaor.> pr_eut c.n Lnc uoe.lmg l'-_ cry.

SL'XL_t-_RY OF RF.SL.7 TS ..L_.D CONO_USx.ONS

"f'ne effecL¢ of temperature, time. and naroger pressure on strong& and ml.-rc,sma:r_:al _b:h.'x of uncoated. PBN

coated, and S_-nch PBN coa'_ fibers _ete dete_-rrzm-d St_er._th rtab:h_. cz _ th.-_ ty_, o: liters und,:r tca_taer.-bondcd

:ucon nim_ processing cond',tiens _. eva]ua_ecl. Key resu_._ are follows.

(1, L'_mtrogen enx_'or, ment uncoat_ fiber¢ s_e_ _d sigmfacant s_rcngth de_-a,._at_T, ab_,vc 1403 :C. Su."I_c

coatings (PBN and gi-.,'ich PBN._, nitcogen v,,er pressure, and exposvn'e environ.,-nents sho,,_e_l no mtmificz.nt infl_nce on the

onset of _¢,_ren_hdeuadation. Mlcrosn'acr_a] charaz,erirat_.on re_'.ts mndicat_ ",ha: the strength &_Mauon t_ c-au_ed

primarily by rJ_e fla_,s formed due to _o_'J-_ of SiC rm_cr3.stal,.
(2y In contact gJt,h silicon l'w,wder aM nirroge'n,, the uncoazed anti coated fibers_ de_ade aboxe 1350 :C F<_-mat:on

of SiC :tsa result ot chemical _eac.r.ion be!_een the excess carbon pr,.-:,em in the fiber and s_iz-on po_,der gas the most 12.kely

mechanism for the stren_._ degr'/d,_ion. S_'-face coaling the 5bets will', a layer of CVD PBN or C_'D Si-rich PBN did _:
_event this ma_.

Thus ;t can be concluded that: t 1 ) m inert envtrc,r, ment_, upper l*2P'ipt'ral:.l.rC c_p:+Nlil) of _e tmcoaled H_-NicaJem

SiC fibers _sbruited to - 1,_00 _C: and i2| under R.BSN 12rooe_smg cc,ndition_. Hi-N:calon S:C fibers _re stable en)y up to

1350 "-C.Surfaze coatings may not be helplul m protecung ff,e fibers frt;m deD'adatier..
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Figure 1.--Time ar¢l temperature effects on room t_ture tensile stmcx_h of uncoated
Hi-NicaJon SiC fil_rs heat t_med in 0.1 MPa in nitrogen.

I/)

U_

;3.5,

- Gauge length = 25 mm

/ " ":-'-?
2.0 .L } ":'_

1.5 _ 0.1 MPa

_ 2.5 MPa

1.0 L. ....O .... 4.0 MPa,

0.5t

I

C.O I

0

, '_ "°°°o
. t °,

\
\

1

l i J

500 1000 1500

Exl:x)sure temperature. _C

Figuere 2._ffects of pressure and temperature on _om te_,perature tensile s!ren.=.--_hof
uncoated Hi-Nicalon SiC fibe_ heat treated in 0.1 MPa nit_:>gen for 1 hr.
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F'_jure 3.--Effects of envconment and temperature on room temperature tensile strength of
uncoatecl Hli-Nicai0n SiC fibers heat treated for 1 hr.
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Figure 4.--Pressure at.Eltemperature effects, on room temperature tensile strer.gtt', cf P_-:,I
and Si-nch PBN coated Hi-Nicalon SiC fibers heat treated for 1 _r it, _itroge_.
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Figure 5.--Room temperature tensile strength of uncoated, I_BN and Si-nch PBN coated Hi-Nicalon
SiC fibers after 24 hr heat t_eatment k_ 0.1 MPa nitrogen and in contact with silicon powder.
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Figure 6._TEM rnicrographS show_ng microstnJcture of the Iongitu0inal sections of uncoated Hi-Nicalon SiC fibers.

(a) As-receivecl (clark field image). Ib) After heat treatment in nitrogen at 1800 _C for 100 hr (bright field image).
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